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1. Introduction and Background 

Due to their small dimensions, nanoparticles obey the laws of quantum mechanics and, therefore, 

have the ability to participate in quantum tunneling.  A recent paper published in Nature by 

Mebrahtu et al. (1) has examined this effect by showing that an electron can successfully hop on 

a carbon nanotube as it travels between two electrical leads.  In a similar fashion, our research 

aims to fundamentally understand and describe the quantum tunneling effect in shape-controlled 

metal nanoparticles, specifically gold (Au) nanorods, nanoprisms, and nanospheres.  While the 

effect of size on the properties of isotropic nanoparticles has been extensively studied in the past 

two decades, similar studies on the shape of nanoparticles have received little or no attention.  In 

fact, it is not only the composition and size of nanoparticles that affect their unique optical, 

chemical, and electrical properties but also the shape.  An increased understanding of the 

structure-property relationships of shape-controlled nanomaterials will allow for their future 

integration into advanced materials such as optoelectronics, photonics, biosensors, and drug 

carriers. 

Recently, multiple methods have been explored for growing nanorods (2–12), triangular prisms 

(5, 13–17), nanospheres (18, 19), and other platonic (20–22), branched (12), and anisotropic  

(12, 23, 24) morphologies.  Although synthesis can be achieved through photochemical and 

electrochemical methods, colloidal wet-chemistry synthesis has proved to be the most 

advantageous, as little equipment is necessary and procedures can be scaled up to produce larger 

quantities of shape-controlled nanoparticles.  The majority of the literature (24, 25) relies on a 

two-step, “seed-mediated” growth method.  In the first step, small spherical seed particles, often 

less than 5 nm in diameter, are created under conditions that allow for rapid growth of all crystal 

facets.  This step involves the use of a metal salt, a capping agent, and a strong reducing agent.  

In the second step, a growth solution containing more metal salt in the presence of a shape-

directing molecule or surfactant is used in addition to a weak reducing agent.  The seeds are 

added to this solution to serve as nucleation sites and facilitate the reduction of metal ions onto 

their surface in a seed-overgrowth fashion.  In opposition to the one-pot homogeneous nucleation 

we have done previously in our laboratory for synthesis of various nanoparticle shapes (26), this 

heterogeneous, seed-mediated growth lowers the activation energy needed for metal reduction 

and allows for more fine-tuned control over growth conditions using weaker reducing agents and 

temperatures.  This control is favorable, as aqueous, shape-controlled crystal growth requires 

precise tuning of the thermodynamic and kinetic parameters of the reaction, including reaction 

rate, capping agent, reactant concentration, temperature, and pH.  The difficulty in controlling 

these uniquely linked parameters has made it difficult to fully understand the mechanisms behind 

shape-controlled colloidal synthesis.  Therefore, recently there has been greater focus in the 

literature (27, 28) on developing an explanation for the shape-controlled growth mechanism than 

on investigating the unique properties of these materials.
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Sau and Murphy (12) found, through a seed-mediated growth method, that various shapes such 

as rods, wires, cubes, and prisms can be grown through careful control over the growth step.  

Gold seeds of about 3–5 nm in diameter were grown through a quick nucleation step using 

sodium citrate as a capping agent.  They were added to a solution containing Au salt, the 

surfactant cetyltrimethylammonium bromide (CTAB), and ascorbic acid.  In this case, ascorbic 

acid can reduce the Au only in the presence of the seeds.  In the case of nanorods (7), it was 

found that through controlling the ratios of reactants, several different aspect ratios ranging from 

4.6 to 18 could be obtained, although multiple centrifugation steps were necessary to separate 

them from spherical particles.  Others in Murphy’s group (3, 4) also found that employing a 

surfactant with a longer tail yielded longer nanorods, and that Au seeds of different sizes and 

charged surface functionalities resulted in rods with different aspect ratios.  In addition, by 

changing the pH of the growth solution from 2.8 to 3.5, nanorods with a drastically improved 

yield were produced with minimal centrifugation (2).   

Using a chemical process similar to that used by Murphy’s group, Ha et al. (5) found that Au 

nanoprisms could be synthesized by adding trace amounts of halide ions into a growth solution 

initially designed for the growth of nanorods. The size and yield of the nanoprisms were 

manipulated through control over pH and temperature.  There are issues, however, with the 

degree to which these shaped nanoparticles can be reproduced.  Ha’s work, in particular, 

contrasts with Shankar et al. (15, 16), who reported that iodide ions suppress the formation of 

nanoprisms.  Millstone et al. (27) suggest that these conflicting results can be due to the fact that, 

depending on the supplier, CTAB may contain iodide contaminates that cause the production of 

different shapes.  This research shows that identical seed particles and growth solutions could be 

used to form rods, triangular prisms, and spheres simply by controlling the iodide ion 

concentration and using purified CTAB.  

In contrast to the foregoing research methods, Nikoobakht and El-Sayed (10) synthesized Au 

seeds using CTAB instead of sodium citrate as the capping agent.  These CTAB-capped seeds 

were used in the presence of silver nitrate (AgNO3) and produced nanorods in 99% yield, making 

it the most popular chemical synthesis method for Au nanorods.  By changing the amount of 

AgNO3 added to the growth solution, nanorods with aspect ratios ranging from 1.5 to 5 were 

synthesized.  Murphy’s group (6) followed up this research by using their citrate-capped seeds 

and adding AgNO3 to the growth solution.  They found that instead of producing nanorods, as 

expected, spheroidal-shaped nanoparticles were produced.  Liu and Guyot-Sionnest (9) showed 

through high-resolution transmission electron microscopy (TEM) that citrate-capped seeds have 

a multiply twinned structure, as opposed to the CTAB-capped seeds that were single crystals 

with 1.5-nm diameters, and thus explained the importance of the seed in shape-controlled 

nanoparticle synthesis.  Interestingly, the composition of the seed particle does not have to be the 

same as the metal chosen for overgrowth (24).  Seed particles made of a metal with a weaker 

reduction potential metal have been used to grow hollow shell nanostructures.  In addition, 
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shape-specific nanoparticles of one metal have been used as seeds to allow for overgrowth of 

another metal, producing various bimetallic anisotropic and polyhedral shapes. 

In contrast to the typical CTAB method used in the literature, Kim et al. (20) used a polyol 

reaction method involving the use of poly(vinylpyrrolidone) as a reducing agent to produce 

various platonic Au nanoparticles.  In a very different method, Xie et al. (17) synthesized Au 

nanospheres and triangular nanoplates using bovine serum albumin as the reductant and found 

that AgNO3 could be used to control the size of the particles.  Shankar et al. (15) synthesized Au 

nanoplates using lemongrass leaf extract as a reducing agent and a shape-directing molecule. 

The objective of this research was to precisely synthesize shape-controlled Au nanoparticles.  

We have successfully synthesized Au nanoparticles of cylindrical (nanorods), prismatic 

(nanoprisms), and spherical (nanospheres) shapes using seed-mediated aqueous methods.  Our 

approach combined previously used approaches (5, 19) and differed in using the same seed for 

all shapes, identifying and utilizing the effect of relative concentration of the starting materials 

on the yield of the nanoparticles.  Transmission electron microscopy, energy-dispersive 

spectroscopy (EDS), UV-Vis spectroscopy, and dynamic light scattering (DLS) measurements 

were performed to characterize, respectively, the shape, structure, chemical composition, 

absorption spectrum, and surface charge of the synthesized nanoparticles.  The quantum 

tunneling effect studies on synthesized shape-controlled nanoparticles are underway and will be 

reported in future communications.  

2. Experiment and Calculations 

2.1 Materials  

Hydrogen tetrachloraurate (III) trihydrate (HAuCl4·3H2O), CTAB, trisodium citrate dihydrate, 

sodium borohydride (NaBH4), L-ascorbic acid, and potassium iodide (KI) were purchased from 

Sigma-Aldrich.  All chemicals were used as received.  Distilled deionized water was used for all 

solution preparations.  All glassware was cleaned in the following order:  tap water and dish 

detergent, purified water, ethanol, and nitrogen gas to dry.  The growth stock solution was used 

within 6 h of preparation.  If surfactant fell out of the growth solution, it was heated at 50 ºC to 

redissolve the precipitate and then cooled to room temperature.  Stock solutions of NaBH4 and  

L-ascorbic acid were prepared fresh before every synthesis.  All other solutions were stable for 

up to several months. 
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2.2 Preparation of Gold Seeds 

An Au seed solution was prepared by mixing 10 mL of a 5.0- × 10-4-M hydrogen 

tetrachloroaurate (HAuCl4) stock solution with 10 mL of a 5.0- × 10-4-M trisodium citrate 

dihydrate stock solution in a 40-mL vial.  While vigorously stirring, 600 µL of ice-cold 0.1-M 

NaBH4 was added to the vial, which turned the solution light pink in color.  Stirring continued 

for 2 min, at which point the solution became red in color.  The solution was aged at room 

temperature for 3 h and then used directly.  The aging period is necessary to allow the remaining 

sodium borohydride to react with water, but periods of time longer than 10 h cause the particles 

to aggregate, which is undesirable for their use in further shape-controlled growth.  Measured 

with TEM, the particles averaged about 4 nm in diameter.  The solution was fairly monodisperse, 

with very few particles with shapes other than spheres.  A diagram illustrating this procedure is 

shown in figure 1.  

  

Figure 1.  Schematic for Au seed preparation.  Average size was confirmed to be about 4 nm 

through TEM. 

2.3 Growth of Gold Nanoparticles 

A 200-mL stock growth solution containing 2.5- × 10
-4

-M HAuCl4 and 0.l-M CTAB was 

prepared in a beaker.  This solution was then heated at 50 °C with occasional stirring to dissolve 

the CTAB.  After about 10 min, the solution turned a clear orange color, and was removed from 

the hot plate and allowed to cool to room temperature.  The color change indicates the formation 

of the complex ion CTA
+
AuCl4

−
.  This growth stock solution and the Au seeds were then used to 

synthesize Au nanorods, nanospheres, and triangular nanoprisms through manipulating reaction 

parameters, as shown in figure 2. 
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Figure 2.  Schematic for Au nanoparticle growth:  (a) nanorod, (b) nanoprism, and (c) 

nanosphere.  Only the first two seeding steps are shown.  Subsequential 

seeding can be continued for growth of larger particles. 

The synthesis of Au nanorods was achieved by adding 20 mL of the stock growth solution into a 

40-mL vial and mixing in 400 µL of a freshly prepared 0.1-M ascorbic acid solution by inverting 

the vial three times.  The addition of ascorbic acid causes the solution to change from yellow in 

color to clear, indicating the reduction of the Au3+ ions in solution to Au+.  Ascorbic acid is too 

weak to fully reduce the Au salt without the addition of Au seeds, so 50 µL of the seed solution 

was added to the vial and the tube was inverted 10 times to mix.  The entire reaction was 

performed at 25 to 30 °C.  No further mixing was done for the next 5–10 min, as the solution 

became magenta in color, indicating particle growth.  After 1 hr, the solution was red-purple in 

color. 

For the growth of nanoprisms, a similar procedure for the growth of Au nanorods was used; 

however, KI was mixed with the initial growth solution and the reaction occurred at a lower 

temperature.  In a 40-mL vial, 5.12 mL of a 100-µM solution of KI was mixed with 20 mL of the 

stock growth solution.  The vial was then placed in a water bath maintained at 15 °C during the 

rest of the reaction, as lower temperature has been found to increase the yield of nanoprisms.  To 

the vial, 400 µL of a freshly prepared 0.1-M ascorbic acid solution was added, and the vial was 

inverted three times to mix.  To begin nucleation, 50 µL of the seed solution was then added and 

the vial was inverted 10 times to mix.  No further mixing was done for the next 10–20 min, as 

the solution became purple in color, indicating particle growth.  
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It was noted that the addition of KI slowed the reaction rate, and color change occurred after a 

longer period of time than observed for nanorod growth.  After 2 hr, the solution was purple in 

color.  Some of the surfactant precipitated out of solution, so the solution was heated at 50 °C to 

redissolve.  

A multistep seeding growth procedure was used to produce increasingly larger nanospheres. 

Three flasks were labeled A, B, and C, respectively.  In flask A, 7.5 mL of growth solution was 

added, while 9 mL of growth solution was added to B and C.  The entire reaction was performed 

at 25 to 30 °C.  In each flask, 50 µL of 0.1-M ascorbic acid solution was added while vigorously 

stirring with a stir bar.  In flask A, 2.5 mL of the seed solution was quickly added and vigorously 

stirred.  Stirring continued for the next 10 min, as the solution turned to a deep red color, 

indicating particle formation.  After 30 min, 1.0 mL of the solution A was quickly added to vial 

B and vigorously stirred for 10 min.  Sequentially, after allowing 30 min for particles B to form, 

1.0 mL of solution B was quickly added to flask C while vigorously stirring.  Stirring was again 

continued for 10 min.  It was noted that the solutions became increasingly purple in color from A 

to C, as shown in figure 2. 

2.4 Purification 

Directly after synthesis, all solutions were placed into 10-mL centrifuge tubes for purification. 

For nanorods and nanoprisms, centrifugation was performed at 1000 rpm for 10 min.  For 

nanospheres, centrifugation was done at 5600 rpm for 30 min.  The light pink supernatant, 

containing smaller spherical particles and other shaped impurities, was removed from each tube 

with a pipette, and the pellet was redispersed in 10 mL of deionized water.  The solutions were 

then recentrifuged at the previously stated speeds and times.  This was repeated until bubbles 

were no longer visible in the tubes after shaking, indicating that the majority of the surfactant 

was removed.  After the last centrifugation step, the pellet for each sample was redispersed in 

100 µL of distilled deionized water. 

3. Results and Discussion 

The particles were characterized through UV-Vis spectroscopy, TEM, EDS, and DLS.  For TEM 

and EDS analysis, the purified solutions were sonicated for 15 min and deposited onto copper 

grids.  Purified solutions were used as-made for UV-Vis spectroscopy and DLS.  

Figures 3–5 show the TEM images of the shape-controlled nanoparticle solutions and confirm 

that nanospheres, nanorods, and nanoprisms were successfully synthesized.  The spherical seed 

particle solution shown in figure 3 was very monodisperse, with average particle diameters of 

about 4 nm and very few impurities of undesired shapes. 
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Figure 3.  Au seeds (about 4 nm in diameter).  Scale bars are 5 nm (left) and 50 nm (right). 

 

 

 

 
Figure 4. Au nanospheres (a) solution A (about 5 nm in diameter) and  

(b) solution B (about 8 nm in diameter).  Scale bars are 5 nm. 

 

(a) (b) 

 

Figure 4.  Au nanospheres:  (a) solution A (about 5 nm in diameter) and (b) solution B 

(about 8 nm in diameter).  Scale bars are 5 nm. 
 

 

 

 

 

Figure 5. Au a) nanorods (aspect ratio 10) and b) nanoprisms (about 150 nm edge length). 

Scale bars are 50 nm (top) and 200 nm (bottom). 

 

(a) (b) 

 

Figure 5.  Au (a) nanorods (aspect ratio 10) and (b) nanoprisms (about 150-nm edge length).  Scale bars are 

50 nm (top) and 200 nm (bottom). 
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The nanospheres shown in figure 4 increased in size through the multiple-seeding growth 

method, with particles in solution A averaging about 5 nm in diameter and particles in solution B 

about 8 nm in diameter, respectively.  These nanosphere solutions were also fairly monodisperse, 

with few impurities of undesired shapes.  For nanoprisms, shown in figure 5b, a majority of 

particles had an edge length of about 150 nm, although a variety of smaller and larger 

nanoprisms was seen.  Note that in figure 5b the crystal lattices of two nanoprisms are 

overlapping, indicating that these particles are only a few nanometers thick.  Lastly, the Au 

nanorod sample, shown in figure 5a, contained very monodisperse nanorods of about 200 nm 

length and 20 nm width, giving an aspect ratio of 10.  However, the yield for these nanorods was 

low, and large quantities of spherical-shaped impurities were seen.  These impurities could have 

been further centrifuged out from the nanorods, although this would not improve the number of 

rods seen through TEM. 

The EDS, shown in figure 6, confirms the presence of Au in solution.  Peaks indicating copper 

can be rejected due to the copper grid on which the samples were characterized.  

 

Figure 6.  Energy dispersive spectroscopy of Au nanosphere A sample.  EDS for 

all other samples were similar. 

Figure 7 shows the visible absorption spectra of the shape-controlled particles.  As expected, a 

small red-shift in the absorbance peaks was noted, as the size of the shape-controlled 

nanoparticles increased, with seeds being the smallest and nanoprisms the largest.  No red-shift 

was seen from the spheres A to spheres B solution because the size change of these particles was 

only a few nanometers.  The second extended peak seen on the nanoprism spectra can be 

attributed to the larger nanoprisms in solution. 
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Figure 7.  Visible absorption spectra for Au seeds, nanorods, nanoprisms, nanosphere 

A, and nanosphere B. 

Dynamic light scattering was used to determine the zeta potential, or surface charge, of the 

shape-controlled particles.  As can be seen in table 1, all particles exhibited a positive surface 

charge that increased with increasing particle size.  The cationic surfactant, CTAB, used in the 

growth of these particles as a capping agent, attributes to the positive charge.  This confirms that 

as the particle size increases, more CTAB will bind to the Au crystal faces.  If crystal growth 

occurs through the binding of CTAB bilayers to certain Au crystal faces, as stated in literature 

(28), these results suggest that the bilayer elongates as nanoparticle size increases.  However, 

these surface charges are much greater than those usually observed for nanoparticles.  Residual 

surfactant that was not completely purified out could have influenced these results, though 

centrifugation was repeated multiple times to remove excess surfactant.  

Table 1.  Zeta potential (surface charge) for shape-controlled Au nanoparticles. 

Sphere A Sphere B Rods Triangles 

57.87 mV 65.6 mV 98.46 mV 123.4 mV 
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4. Summary and Conclusions 

Three different Au nanoparticle shapes—nanorod, nanoprism, and nanosphere—were 

successfully synthesized through a seed-mediated chemical method.  The nanoparticle shape can 

be completely changed from rod to triangular prism through simple addition of a trace amount of 

halide ion.  It was also possible to control the yields of the nanoparticles by controlling relative 

concentration of the starting materials.  Future work will aim at improving the yield of the shape-

controlled nanoparticles, address removal of the positive surface charge of the particles through a 

ligand exchange, and investigate the effect of the shape and the size on quantum tunneling effect 

through scanning tunneling microscopy.  In addition, nanolithography will be used to position 

these shape-controlled nanoparticles between two electrical leads to measure tunneling current.  

The results of the quantum tunneling effect will be reported in a subsequent communication.  
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List of Symbols, Abbreviations, and Acronyms 

Au  gold  

CTAB  cetyltrimethylammonium bromide  

DLS  dynamic light scattering  

EDS  energy dispersive spectroscopy  

KI  potassium iodide 

NaBH4  sodium borohydride  

TEM  transmission electron microscopy 
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